Abstract: A fiber laser-pumped high-power burst-mode-operated picosecond midinfrared (IR) laser at 3.8 m is reported. A gain-switched distributed Bragg reflector laser diode with a pulse repetition rate (PRR) of 138 MHz and pulse duration around 200 ps was applied as the seed laser of a master oscillator power amplifier (MOPA)-structured Yb fiber laser. The PRR of the MOPA was increased to about 1.1 GHz through a pulse multiplier consisting of four cascaded 2 Â 2 fiber couplers. A fiberpigtailed acousto-optic modulator was used to carve the pulse train into pulse bursts so that the peak power of the final linearly polarized fiber laser output could be optimized by adjusting the duty cycle of the pulse bursts correspondingly. The output of the fiber laser was directed to pump a periodically poled magnesium-oxide-doped lithium niobate-based optical parametric oscillator through the quasi-synchronized pump scheme. Efficient parametric conversion was realized with a maximum average power output of 7.3 W at 3.8 m under pump power of 45 W at 1.064 m with pump-to-idler conversion efficiency exceeding 16%.
Introduction
High power mid-infrared (IR) lasers are of great importance in the areas of environment monitoring [1] , medical diagnosis [2] , and counter-measurement [3] . Mid-infrared lasers with high pulse repetition rate (PRR) and ultra-short pulse durations are of special interest in many areas requiring both high average power and high peak power. Optical parametric conversion, including optical parametric oscillator (OPO) and optical parametric amplifier (OPA), is an effective technique to convert the wavelength of mature near-IR lasers to the mid-IR region and, thus, has been extensively investigated [4] - [7] . Linearly polarized high power fiber lasers are excellent pump sources for the OPOs and OPAs, featuring compactness, high efficiency and long term stability. With the development of high power picosecond and femtosecond fiber lasers [8] - [11] , the fiber laser pumped ultra-short pulse OPOs have attracted strong attention in the past ten years [12] , [13] . For fs mid-IR output, synchronously pumped OPO has long been an effective approach. Recently, we also reported a fiber laser pumped high average power fs mid-IR laser through the OPA scheme [14] .
As to the ps mid-IR output, however, the synchronized pump scheme will not operate as well as in the fs region mainly due to the relatively lower peak power of the pump under high PRR. In 2010, a periodically poled magnesium oxide doped lithium niobate (PPMgLN)-based OPO pumped by a ps Yb fiber laser was reported with a maximum average power of 7.3 W at 1.54 m and 3.1 W at 3.4 m in pulse duration of 17 ps under pump power of 24 W [15] , in which a long silica fiber was applied to guide the signal output of the OPO back to meet the requirement of the synchronization. Also in 2010, another PPMgLN-based OPO driven by 20.8 ps pump pulses at 81.1 MHz was demonstrated [16] , providing 7.1 W of signal at 1.56 m and 4.6 W of idler at 3.33 m for 16 W of pump power. Using a harmonic cavity, ps pulses with energies as high as 1.5 J in the mid-IR were reported at 1 MHz repetition rate [17] . More recently, a cylindrical PPMgLN based OPO was reported [18] , providing 2.4 W of signal at 1.664 m and 1.7 W of idler at 2.95 m with an overall extraction efficiency of 45%. These works are attractive due to their good efficiency and high output power, but pumping with such ps fiber lasers required complicated cavity structure, such as four mirror cavity, to match the conditions for synchronous pumping. In 2013, we presented a quasi-synchronized pump scheme [19] for the first time to realize compact but efficient ps OPO conversion. Mid-IR laser with ps pulse burst output was obtained. Because the pump pulses were poor synchronized, the conversion efficiency was not as good as expected, especially for idler wavelength of 3.8 m or longer.
To improve the performance of the quasi-synchronized pump OPO system, we recently constructed a novel fiber laser system with optimized seed laser and pulse multiplier. A gainswitched distributed Bragg reflector (DBR) laser diode (LD) with pulse repetition rate (PRR) of 138 MHz and pulse duration around 200 ps was applied as the seed. This PRR was multiplied by 8 to about 1.1 GHz through four cascaded 2 Â 2 couplers. The PRR multiplied seed laser was amplified via two stages of fiber pre-amplifiers and carved into the pulse bursts with the help of a fiber pigtailed acousto-optic modulator (AOM). The pulse bursts were then amplified in the final linearly polarized fiber power amplifier. The linearly polarized ps pulse burst output from the Yb fiber MOPA were directed to pump a PPMgLN-based OPO. Efficient parametric conversion was realized via the quasi-synchronized pump scheme. A maximum average power of 7.3 W was obtained under pump power of 45 W with conversion efficiency of 16% from the pump at 1064 nm to the idler at 3.8 m. To the best of our knowledge, this is the reported highest ps mid-IR output power at 3.8 m from a fiber laser pumped, burst mode operated OPO.
These results are presented in this paper.
Experimental Setups
The experimental setup is schematically illustrated in Fig. 1 . The pump source of the OPO is a fully fiberized Yb MOPA employing a gain switched DBR LD as the seed. The output from the seed was pre-amplified via a core pumped fiber amplifier and then the PRR multiplied through a fiber pulse multiplier consisting of four cascaded 2 Â 2 couplers. The PRR multiplied seed laser was further amplified via two stages of clad pumped fiber amplifiers. A fiber pigtailed AOM was inserted between two amplifiers to carve the continuous pulse train into pulse bursts. The preamplified pulse burst was fed into a fiber-pigtailed polarization-maintaining (PM) isolator and then amplified in the final linearly-polarized fiber power amplifier. Five fiber-pigtailed LDs (each with a maximum output power of 25 W at 915 nm) were used as the pump sources. The gain fiber used was 5 m of large mode PM Yb doped double-clad fiber (DCF) from LIEKKI with core and inner clad diameter of 25/250 m, as well as core and inner clad NA of 0.07 and 0.46, respectively. The output end surface of the gain fiber was cut into 8°to avoid the backward reflection.
The linearly polarized ps laser pulse bursts from the final stage fiber power amplifier was directed to pump a PPMgLN-based OPO. The OPO system was configured as a single pass singly resonant (SPSR) linear cavity structure. The pump laser beam through the isolator was loosely focused using a convex lens into the center of the PPMgLN crystal with a spot diameter of about 300 m. anti-reflective at 1064 nm and 3∼5 m while high reflective from 1400 nm to 1700 nm. The cavity length of the OPO, which was finely tuned to ensure the synchronous pumping and to optimize the parametric conversion, was about 60 mm, including 50 mm of the PPMgLN wafer. A dichroic mirror (DM1) with high transmission at the idler wavelength and high reflection at the pump and signal wavelengths was inserted before the idler power was measured. Another dichroic mirror (DM2) was used to separate the pump and signal wavelengths.
Results and Discussions
The DBR LD with a maximum average power of about 70 mW at 1063.5 nm was gain switched through direct modulation by an arbitrary waveform generator (AWG). The pulse shapes output from the DBR LD were measured using a broadband oscilloscope (DSA71254 Tektronix) together with a 20 GHz InGaAs detector. By carefully setting the AWG parameters, the DBR laser could produce a stable pulse train with pulse duration of around 200 ps and PRR of 138 MHz. An average power of 0.53 mW was obtained under this condition.
The average output power of the seed laser was amplified to about 30 mW in the core pumped fiber pre-amplifier after passing a polarized independent isolator (ISO). The amplified seed laser then transmitted through a pulse multiplier consisting of four cascaded 2 x 2 3 dB fiber couplers, which were serially spliced together. When splicing the couplers, the output arms of the former coupler were spliced to the input arms of the latter while the lengths between the couplers were separately adjusted so that each input pulse would split into two separated output pulses. In this way, the PRR was multiplied by a factor of 8 with corresponding PRR of ∼1.1 GHz after the pulse multiplier. Such a high frequency is especially beneficial for the synchronously pumped OPO since the cavity length of the OPO can be greatly shortened to make the OPO compact and as a result, to reduce the diffraction loss. The pulse trains before and after the pulse multiplier are illustrated in Fig. 2(a) and (b) , respectively. The AOM has an insertion loss of 2.8 dB and an extinction ratio of 40 dB, respectively. The period and the duty cycle of the pulse bursts could be adjusted independently as requested. In Fig. 2(c) , one typical pulse train after the AOM with a repetition rate of 100 kHz and a duty cycle of 2.5% is demonstrated. Since the main amplifier was pumped continuously, the AOM was switched on with a ramp in order to avoid the huge first pulse and assure safety of the fiber amplifier. As shown in Fig. 2(d) , the rising edge of the pulse bursts was about 40 ns. Under high power operation, obvious variation of the pulse to pulse energy could be observed within the pulse bursts. We believe it is mainly resulted from the gain depletion of the fiber amplifier under such a GHz PRR operation within each pulse burst.
The output power dependence of the final linearly polarized fiber power amplifier on the pump power with pulse burst duty cycle of 10% is illustrated in Fig. 3 . A maximum output power of 61.2 W was obtained under the pump power of 102 W. The slope efficiency was computed to be about 58.2%. No evident amplified spontaneous emission (ASE) was observed while the stimulated Raman scattering (SRS) at 1117 nm was 40 dB lower than the laser emission peak, as shown in the inset of Fig. 3 . The polarization extinction ratio of the fiber laser after the final stage was measured to be 15 dB under the maximum output power. After a PM ISO, the maximum laser power was reduced to 45 W due to the 1.8 dB loss of the ISO.
The idler output power dependence on the pump power from the fiber laser was obtained by measuring the pump power before the input mirror M1 and the idler output after the dichroic mirror DM1, as shown in Fig. 4 . Several duty cycles were selected for the pulse bursts to test the OPO performance. To avoid the nonlinear effects in the fiber laser but maintain the high peak power in the fiber amplifier, we set the duty cycle for the pulse bursts in an appropriate range. It should be mentioned that the threshold of the OPO was slightly higher when the duty cycle was increased because the pump peak power was comparatively lower under such situation. The highest pump-to-idler conversion efficiency of 19.2% for wavelength of 3.8 m was obtained with the AOM duty cycle of 2.5%. With the increase of the pump power, however, obvious conversion efficiency roll-off could be found when the pump power exceeded 16 W. It was noted that similar phenomenon was also observed as illustrated in Fig. 4 when the duty cycle of the AOM was set to be 5%. We attributed this to the extremely high signal intensity and idler absorption in the OPO cavity by using the output coupler with reflectivity as high as 99% in the signal wave band. Besides, the poor heat dissipation and idler absorption caused temperature fluctuation might be another reason. In order to relieve the problem, the duty cycle of the AOM was stretched to 10%. Under this condition, a maximum idler output power of 7.3 W was obtained at 3.8 m under the maximum pump power of 45 W. It was computed that the conversion efficiency from the pump at 1.06 m to idler at 3.8 m was about 16%. The conversion efficiency roll-off was not so obvious, as compared to the former two duty cycle situation.
To demonstrate the advantages of the quasi-synchronously pumping scheme, the traditional long pulse pumped OPO operation [20] , [21] was also performed to compare with the quasisynchronously pumping system by using a similar pump peak power and the same PPMgLN crystal. Under the maximum pump power of 26 W, the output power of about 3.1 W and the pump-to-idler conversion efficiency of about 12.7% were obtained for the long pulse pumped OPO system. Clearly, great performance improvement was achieved by using the synchronous pumping mechanism. The conversion efficiency of the quasi-synchronously pumped OPO was about 26% higher than that of the long pulse pumped OPO.
Under the maximum output power of the OPO, the pulse profile of the signal at 1.47 m was measured to be about 210 ps. The output power stability of the idler under the maximum pump power of 45 W was measured over 1 h and is illustrated in Fig. 5 . At idler output power of 7.3 W, the peak-to-peak idler power instability was about ±2.5%. The power fluctuation was attributed to the thermal effect in PPMgLN crystal and the fluctuation of pump power itself. The spectra of Fig. 4 . OPO output powers and pump-to-idler conversion efficiencies as a function of pump power with a pump duty cycle of 2.5%, 5%, and 10%. the signal and idler output were measured via an optical spectrum analyzer (YOKOGAWA AQ6375) and a Fourier transform spectrum analyzer (ARCoptix FTIR-Rocket), respectively. The FWHMs of the signal and idler were measured to be about 0.38 nm and 10 nm respectively. This line-width value of the idler spectrum was limited by the resolution of the Fourier transform spectrum analyzer.
Conclusion
In summary, we have experimentally constructed a DBR LD seeded linearly polarized high power fiber MOPA and used it to pump a PPMgLN-based OPO in quasi-synchronized pump scheme. The PRR within each pulse bursts was as high as 1.1 GHz, which enables the setup of the compact OPO cavity. The duty cycle of the pulse bursts could be controlled so that the peak power of the fiber laser output be optimized to some extent. A maximum ps pulse burst mid-IR laser output of 7.3 W was obtained at 3.8 m with conversion efficiency of about 16%.
